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Abstract. We report on an improved test of the Universality of Free Fall using a rubidium-potassium dual-
species matter wave interferometer. We describe our apparatus and detail challenges and solutions relevant
when operating a potassium interferometer, as well as systematic effects affecting our measurement. Our
determination of the Eo¨tvo¨s ratio yields ηRb,K = −1.9 × 10−7 with a combined standard uncertainty of
ση = 3.2× 10−7.
PACS. 37.25.+k Atom interferometry techniques – 03.75.Dg Atom and neutron interferometry – 06.30.Gv
Velocity, acceleration, and rotation
1 Introduction
Matter wave interferometry is an effective toolbox to probe
our understanding of nature. Based on coherent manipu-
lation of atomic ensembles, sensors capable of performing
accurate inertial measurements have been demonstrated [1–
10]. These new atomic sensors allow accessing novel meth-
ods to understand fundamental physics [11–15].
The Einstein equivalence principle (EEP) is a corner-
stone for the theory of general relativity [16]. It is com-
posed of three components: Local Lorentz Invariance, Lo-
cal Position Invariance, and the Universality of Free Fall.
A violation of any of the components would imply a viola-
tion of the EEP and could therefore yield modifications of
general relativity with the possibility to reconcile it with
quantum field theory and therefore form of a theory of
quantum gravity.
The Universality of Free Fall (UFF) states the equal-
ity of inertial and gravitational mass min = mgr and im-
plies that all objects freely falling in the same gravita-
tional field experience the same acceleration. As a figure
of merit for UFF tests in the Newtonian framework we
can express differential acceleration measurements in the
so-called Eo¨tvo¨s ratio
ηA,B ≡ 2 gA − gB
gA + gB
= 2
(
mgr
min
)
A
−
(
mgr
min
)
B(
mgr
min
)
A
+
(
mgr
min
)
B
, (1)
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where A and B are the test masses, and gA,B is their re-
spective local gravitational acceleration.
Tests of the UFF can be grouped in three categories
depending on the nature of the test masses: i) classical, ii)
semi-classical, and iii) quantum tests as reported in Ta-
ble 1. The UFF has been tested extensively by classical
means, yielding the best uncertainty at parts in 1014. In
addition, since the first observation of a gravitationally
induced phase in a matter-wave interferometer [17], a va-
riety of quantum tests based on atom interferometry have
emerged. Due to their well-defined characteristics, isotopic
purity, and by granting access to a novel range of species,
they promise high sensitivity to possible violations of the
EEP, e.g. when parametrizing observable physics in the
minimal Standard Model extension [18–20] or in dilaton
coupling scenarios [21].
In this article we report on an improved dual-species
test of the Universality of Free Fall using laser-cooled 87Rb
and 39K [22]. Improvements are mainly achieved by a
better input state preparation for potassium yielding in
an increased signal-to-noise ratio and longer integration
time. After a description of the experimental apparatus in
Sec. 2, we discuss our measurement scheme (Sec. 3) and
close with a discussion of systematic effects (Sec. 4) affect-
ing the measurement. In Sec. 5 we present possible mit-
igation strategies and paths towards improved quantum
tests of the UFF on ground [23–26] and in space [27–29].
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Table 1: Overview of UFF tests. We refer to experiments comparing the free fall acceleration of two isotopes of the
same (different) chemical species as “dual-isotope” (“dual-species”). Experiments comparing the free fall of different
internal states of the same isotope are labelled “dual-state”. FCC – Falling corner cube; AI – Atom interferometer.
Experiment Test Masses Type Eo¨tvo¨s ratio ηA,B Ref.
Capacitive accelerometers Ti – Pt Classical −0.1(1.3)× 10−14 [30]
Lunar laser ranging Earth – Moon Classical −3(5)× 10−14 [31]
Torsion balance 9Be – Ti Classical 0.3(1.8)× 10−13 [32]
Dual-FCC Cu – U Classical 1.3(5.0)× 10−10 [33]
FCC vs AI SiO2 –
133Cs Semi-classical 7(7)× 10−9 [34]
FCC vs AI SiO2 –
87Rb Semi-classical 4.4(6.5)× 10−9 [35]
Dual-state AI 87Rb Quantum 0.9(2.7)× 10−10 [36]
Dual-state AI 87Rb Quantum 1.4(2.8)× 10−9 [37]
Dual-state AI 87Rb Quantum 0.2(1.2)× 10−7 [38]
Dual-isotope AI 85Rb– 87Rb Quantum 2.8(3.0)× 10−8 [39]
Dual-isotope AI 85Rb– 87Rb Quantum 1.2(3.2)× 10−7 [40]
Dual-isotope AI 87Sr – 88Sr Quantum 0.2(1.6)× 10−7 [41]
Dual-species AI 87Rb– 39K Quantum −0.3(5.4)× 10−7 [22]
Dual-species AI 87Rb– 39K Quantum 0.9(3.0)× 10−4 [42]
Dual-species AI 87Rb– 39K Quantum −1.9(3.2)× 10−7 This work
2 Experimental apparatus
The experimental apparatus includes a vacuum system in
which the atoms are interrogated, a laser system generat-
ing the light fields for manipulating the atoms, and optics
for beam shaping and collecting fluorescence for detec-
tion at the vacuum chamber. Below, these elements are
described in more detail.
2.1 Vacuum system
The vacuum system consists of three main parts as de-
picted in Fig. 1 and is enclosed in a single-layer permalloy
magnetic shield [43,44]. Cooling and trapping of 87Rb and
39K takes place in a double magneto-optical trap (MOT)
setup comprising two custom-made aluminum chambers
with indium-sealed viewports separated by a differential
pumping tube. Atoms are loaded into the 2D MOT from
background vapor generated by ovens heated to 30 ◦C
(75 ◦C), yielding a partial pressure of 1× 10−7 mbar
(6× 10−6 mbar) for rubidium (potassium). A tube con-
nects the 3D MOT chamber with a high aperture detec-
tion zone, allowing for 200 ms of free fall (19 cm center to
center).
2.2 Laser system
For trapping and cooling of both atomic species we use
the same laser system as in our previous work [22] and
described in detail in [44,45].
In the following we refer to the |F = 2〉 → |F ′ = 3〉 as
the cooling and the |F = 1〉 → |F ′ = 2〉 as the repumping
transition. Frequency references for the system are gener-
ated by two external cavity diode lasers (ECDL) [46, 47]
which are stabilized to the D2 line of rubidium (potas-
sium) at 780 nm (767 nm) by means of frequency modula-
tion spectroscopy.
The light fields for cooling and repumping of rubidium
are generated by two ECDLs in a master-slave configu-
ration. The repumping laser is stabilized to the reference
laser and phase locked to be on resonance to the repump-
ing transition. The cooling laser is phase-locked with re-
spect to the repumper with an offset of −3.1 Γ from the
cooling transition, where Γ ≈ 2pi 6 MHz is the natural
linewidth of rubidium and potassium.
The potassium cooling system consists of three inde-
pendent ECDLs. For the 2D MOT, one ECDL is phase
locked to the reference and detuned by −1.3 Γ from the
cooling transition. Repumping light is generated by pass-
ing this light through a double-pass acousto-optical mod-
ulator (AOM) operated at half the hyperfine transition
frequency (fHFS ≈ 461 MHz). The radio frequency power
is set to generate a 50:50 intensity ratio for cooling and
repumping light. The repumping light generated with this
setup has a detuning of −4 Γ from resonance. For the 3D
MOT, two independent cooling and repumping lasers are
phase locked to the reference laser with a variable detun-
ing to provide the flexibility needed for the potassium sub-
Doppler cooling scheme [48].
All generated light fields except the rubidium repumper
are amplified using tapered amplifiers (TA), while the in-
tensity is controlled with AOMs. Our setup yields cooling
(C) and repumping (RP) intensities at the position of the
atoms of IC ≈ 8 Isat, IRP ≈ 0.1 Isat (IC = IRP ≈ 12 Isat)
for rubidium (potassium), where Isat is each species’s sat-
uration intensity [49,50].
To generate Raman beam splitter light, we utilize two
additional ECDLs in master-oscillator power amplification
(MOPA) configuration operated as a master-slave pair
for each species. A schematic of the utilized system for
potassium and the layout for superimposing the light with
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Fig. 1: Schematic of the vacuum system and peripherals
comprising the sensor head of the experimental setup.
The collimated light for the Raman pulses (dark red)
and for detection (light red) are superimposed on a po-
larizing beam splitter which also cleans the Raman light
polarization and allows for correcting detection intensity
noise. Downstream, the light is shaped by a diaphragm
to suppress reflections and unwanted diffraction from the
viewport edge when passing the chamber and is circu-
larly polarized afterwards. A retro-reflection mirror is sit-
uated on a vibration isolation platform in an acoustic iso-
lation housing. Fluorescence readout is performed while
the atoms fall through the large numerical aperture de-
tection zone.
the rubidium Raman system is depicted in Fig. 2 a). For
the rubidium system a similar setup is used. The master
lasers are phase locked (PD1) to the reference lasers on
the |F = 1〉 → |F ′ = 2〉 transition with a global detuning
∆ of 3.3 GHz for potassium, and 1.6 GHz for rubidium
(cf. Fig. 2 b)). To compensate for the Doppler shift, the
slave lasers are phase locked (PD2) with a dynamic de-
tuning δ to the master lasers on the |F = 2〉 → |F ′ = 2〉
transition. The beam splitting light fields for both species
can be switched independently using AOMs (AOM1 and
AOM2 in Fig. 2). A dichroic mirror (DM) is used to su-
perimpose the beam splitting light for both species. Due
to the small difference in wavelengths of the D2 lines of
87Rb and 39K, we use common broadband optics at the
experiment apparatus. Therefore we are able to generate
a spatially and temporally overlapped cold atom cloud as
well as superimposed Raman beams.
2.3 Interferometry and detection optics
The Raman beams are set up in a retro-reflected σ+−σ+
polarization configuration. They are collimated to a 1/e2-
radius of ∼1.2 cm using an achromatic lens (f = 100 mm)
and pass a cleanup polarization beam splitter, where they
are superimposed with the detection light (Fig. 1). We ob-
tain powers in the Raman master (slave) beam of 110 mW
(110 mW) for potassium and 45 mW (90 mW) for rubid-
ium. Both the detection and the Raman beams pass a
diaphragm limiting the beam diameter such that no un-
wanted diffraction appears at the viewports. A λ/4 re-
tardation plate generates the circular polarization. The
beams are aligned parallel to gravity with two silver-coated
mirrors. Below the chamber the beams are retro-reflected
by a mirror [Optique Fichou] with a λ/20 peak-to-valley
flatness. This mirror serves as the reference plane of the
inertial measurements. To suppress seismic noise, it is
mounted on top of a benchtop vibration isolation plat-
form [Minus-K BM-1], and the entire assembly is housed
within a foam insulated acoustic isolation box. For state-
selective fluorescence detection, we utilize an optical sys-
tem collecting fluorescence light with a large aperture lens
(f = 50 mm) and imaging it onto a photo diode [OSI Op-
toelectronics PIN-10D] in a 2f − 2f configuration.
3 Measurements
3.1 Input state preparation
Initially, the atoms are loaded within 1.3 s into the 3D-
MOT. Subsequently, the magnetic fields are switched off
for the optical molasses to enable sub-Doppler cooling.
Following the gray molasses method outlined in Ref. [48]
for 39K and standard sub-Doppler cooling techniques for
87Rb we typically obtain 5× 108 (6× 107 ) atoms at a
temperature of 21µK (28µK) for rubidium (potassium)
within 15 ms. Due to the trade-off in molasses tempera-
ture in favor of 39K, the temperature of 87Rb is higher
than the typical value of 8µK when optimizing for 87Rb
only.
The procedure described in the following combines a
state preparation with a vertical velocity selection for an
increased signal-to-noise ratio [51, 52]. Subsequent to the
sub-Doppler cooling the atoms are optically pumped into
the |F = 1,mF 〉 manifold. Afterwards they are released
into free fall. A quantization field of B0 = 500 mG is ap-
plied to lift the degeneracy of the magnetic sub-levels as
depicted in a Raman resonance spectrum in Fig. 3. A mi-
crowave pulse transfers the atoms from the |F = 1,mF = 0〉
into the |F = 2,mF = 0〉 state. The microwave transitions
are realized using a Yagi-Uda type antenna for potassium
and a loop antenna for rubidium. Then, the |F = 1〉 state
is depopulated by optically pumping the remaining atoms
into the |F = 2〉 manifold with an equal distribution. This
results in a population of the |F = 2,mF = 0〉 state with
up to 45 % of the atoms [52]. After a time of flight of 44 ms
accommodating these steps, a velocity-selective Raman
pulse selects a narrow vertical velocity class [53] of atoms
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Fig. 2: a) Schematic of the potassium Raman laser system (light red) and the superposition with the rubidium Raman
laser light (dark red). Two ECDLs in a master-slave configuration are used for each species. The master laser is
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amplified using tapered amplifiers and can be switched with an AOM. b) Level scheme of the Raman transition. A
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mirror, ND – Neutral density filter.
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Fig. 3: Typical potassium Raman resonance spectrum ob-
tained by scanning δ and applying single Raman pulses.
The spectrum is acquired at the following parameters:
pulse width τ = 15µs, offset field B0 = 430 mG, time
of flight tTOF = 43.25 ms, temperature T = 32.6µK. The
solid black line is a guide to the eye. In the retro-reflected
setup using σ/σ-polarization, a total of nine resonances
are visible, three of which form one subset of Doppler-
insensitive transitions. The remaining two subsets of three
Doppler-sensitive transitions each are labeled k(+) for up-
ward and k(−) for downward momentum transfer. Figure
modified from Ref. [45].
from the |F = 2,mF = 0〉 state by transferring them into
the |F = 1,mF = 0〉 state. The remaining atoms from the
|F = 2〉 manifold are removed by a light pulse address-
ing the cooling transition, concluding the preparation se-
quence.
3.2 Mach-Zehnder atom interferometry
Atom interferometry is performed simultaneously with both
species using the atomic sources described in Sec. 3.1.
We employ two-photon Raman transitions [54] driven by
counter-propagating beams with wave vectors ki = 2pi/λi,
where λi refers to the D2 transition wavelength. The index
i indicates the species 87Rb and 39K. We form a Mach-
Zehnder-type atom interferometer with a pi/2 − pi − pi/2
pulse sequence separated by free evolution times T to
coherently split, reflect, and recombine the wavepackets.
The atomic recoil ∆p ≈ 2h¯ki = h¯keff,i induced by atom-
light interaction leads to a finite space-time area enclosed
by the AI (Fig. 4). For our scale factors, the presence
of our commercial vibration isolation platform allows us
to scan fringes as opposed to using an ellipse fitting al-
gorithm commonly used in differential atom interferome-
ters [55–57].
The population of the output ports of the interferom-
eter depends on the accumulated phase difference ∆φ be-
tween the two paths of the interferometer [34, 58, 59] and
is given by:
P|F=2〉 = A · cos(∆φ) + P0 , (2)
where P|F=2〉 is the fraction of atoms in the excited |F = 2〉
state, C = A/P0 is the contrast, and P0 the offset. The
population is measured by a normalized state selective flu-
orescence detection, within which the pulses reading out
potassium are nested within the rubidium detection se-
quence.
The leading order phase shift of such an interferometer
due to an acceleration1 ai in the direction of beam split-
ting reads [34,58,59]
∆φ = keff,i ai T
2 . (3)
1 If derived from the Schro¨dinger equation with masses min
in the kinetic term and mgr in the Newtonian potential, a pref-
actor resembling those in Eq. 1, ai → mgrmin ai becomes apparent.
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Raman transitions at times 0, T , and 2T couple the states
|Fi = 1, p〉 (solid lines) and |Fi = 2, p± h¯ keff,i〉 (dashed
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The velocity change induced by the Raman pulses is not
to scale with respect to the gravitational acceleration.
Applying a phase-continuous frequency ramp αi not only
maintains the Raman resonance condition under the in-
fluence of a gravitational Doppler shift, but also mimics
an effective acceleration of the Raman wave fronts
ai =
αi
keff,i
(4)
and accordingly enters the phase shift as follows:
∆φi = (gi − αi
keff,i
) · keff,i · T 2 . (5)
For αi = keff,i · gi the accumulated phase shift ∆φi = 0
for all pulse separation times T .
We apply the momentum reversal technique [51, 60]
to suppress systematic errors independent of the direc-
tion of momentum transfer. We distinguish two types of
undesired phase perturbations, k-dependent (δφdep) and
k-independent (δφind) shifts. In our setup, the two possi-
ble counter-propagating Raman beam configurations have
opposite effective wave vectors and allow for selecting the
direction of momentum transfer. We label these particular
transitions as k(+) and k(−) (Fig. 3). The phase shifts in
k(+) and k(−) configuration can be written as:
∆φ+ = keffaT
2 + δφind + δφdep (6)
∆φ− = −keffaT 2 + δφind − δφdep (7)
Consequently, their phase difference is given by:
∆φtot =
∆φ+ −∆φ−
2
= keffaT
2 + δφdep . (8)
Hence, by alternating the direction of momentum transfer
we can largely suppress momentum independent (δφind)
systematic effects, e.g. the AC-Stark shift, with dynam-
ics slower than a typical momentum reversal sequence as
described in the following subsection.
3.3 Obtaining the Eo¨tvo¨s ratio
The gravitational accelerations gi (Eq. 5) are determined
through the central fringe positions a
(±)
i (g). For determin-
ing the latter, we operate both interferometers at three
pulse separation times T = 35, 38, 41 ms. Fig. 5 displays
scans around the respective a
(±)
i (g). Here, for the down-
ward direction of momentum transfer the sign of the phase
shift is inverted in order to yield a positive value gi > 0.
We then operate both interferometers simultaneously
around their central fringe positions with T = 41 ms. To
this end we scan across the central fringe positions in 10
steps and alternate the direction of momentum transfer
afterwards. This procedure constitutes a single measure-
ment cycle with a duration of 32 s (2 × 10 shots). Each
measurement cycle yields gRb and gK, allowing us to com-
pute an Eo¨tvo¨s ratio (Eq. 1).
4 Data analysis and results
4.1 Statistical analysis
We acquire 30000 shots over consecutive 13 hours. This
is limited by technical circumstances related to the sta-
bility of the laser locks. Fig. 6 shows the normalized Al-
lan deviation of our measurement which yields an insta-
bility ση = 9× 10−8 after 8192 s integration time. This
instability is fully dominated by the potassium interfer-
ometer due to its larger technical noise influence stem-
ming mainly from the detection at a significantly lower
contrast (Fig. 5). The latter can be explained by the un-
derlying large transverse expansion rate of potassium and
related homogeneous excitation when the ensemble diam-
eter becomes comparable to the Raman beam diameter.
4.2 Systematic effects
Table 2 lists the systematic effects that are not suppressed
by the momentum reversal method. Here, the analysis
follows Refs. [60–65] with the following assumptions for
Rb (K): Temperature – 21µK (28µK) with a 10 % uncer-
tainty; Initial size – 1 mm (1 mm); pi-pulse width – 15µs
(15 µs); Free evolution time – 41 ms (41 ms); Time-of-flight
prior to the 1st interferometry pulse – 54.5 ms; Differential
center-of-mass (COM) position uncertainty in z – 1 mm;
Differential COM velocity uncertainty in z – 1 mm/s.
Below we discuss the treatment of the dominant sys-
tematic contributions originating from stray magnetic fields
and wave front aberration.
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Fig. 5: Determination of the differential gravitational acceleration of rubidium (left) and potassium (right). Typical
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Fig. 6: Normalized Allan deviations σRb, σK, and the Al-
lan deviation ση of the signals providing us with the ac-
celerations gRb and gK of rubidium (black circles) potas-
sium (red squares), and of the Eo¨tvo¨s ratio ηRb,K (blue
diamonds) in their dependence of the integration time τ .
Using a fit ∝ 1/√τ (blue dashed line) we extract a sta-
tistical uncertainty of the Eo¨tvo¨s ratio of ση = 9× 10−8
after 8192 s integration. The measurement is solely limited
by the stability of the potassium signal.
4.2.1 Zeeman effect
Magnetic fields along the interferometric trajectories change
each respective species’s hyperfine transition frequency.
Due to state preparation into the |F = 1,mF = 0〉 mag-
netically insensitive state the Zeeman effect cancels to
Table 2: Estimated bias contributions for the ηRb,K ratio
and their uncertainties σ. We estimate the uncertainties
to be uncorrelated at the discussed level of accuracy.
Contribution Correction ∆η Uncertainty δη
Zeeman effect −1.3× 10−6 6.0× 10−8
Wave front aberration 0 3 ×10−7
Coriolis force 0 9 ×10−9
2-photon light shift 3.08 ×10−8 6 ×10−10
Effective wave vector 0 1.3 ×10−9
1st order gravity gradient 0 1 ×10−10
Total bias -1.28 ×10−6 3.1 ×10−7
first order. However spatial and temporal variations of the
magnetic field along the axis of interferometry contribute
a non-zero bias phase resulting from the remaining clock
shift affecting atoms in mF = 0.
Magnetic fields shift the hyperfine transition frequency
by ∆ωiclock = 2piκ
i · B2, where κRb = 575.15 Hz/G2 for
87Rb, and κK = 8.5 kHz/G2 for 39K. Based on a charac-
terization using Raman spectroscopy at different positions
along the vertical axis we can model the magnetic field as
B(z(t), t) = B0(t) +
∂B
∂z
· zCOM(t) (9)
where B0(t) describes the temporal behaviour of the bias
field due to the switching behaviour of the respective power
supply2, and zCOM(t) is the free fall center of mass motion
of the atoms defined as: zCOM(t) = z0 + (v0 ± vrec/2) · t+
1/2at2 with z0 being the initial position of the atoms, v0
the velocity, and vrec the recoil velocity defined as vrec =
h¯keff/m. Only the recoil velocity is dependent on the direc-
2 We have characterized the switch-on to be saturating at
500 mG with a time constant of 90 ms.
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tion of momentum transfer, and therefore all other com-
ponents are suppressed by k–reversal. Using the sensitiv-
ity function formalism [66] we can calculate the frequency
shifts
∆ωZ(±), i (t) ≡ ± 2piκi ·
∂B
∂z
·B (t) · vrec, i t , (10)
with the clock shift ∆ωclock, i. Computing the integral of
the clock shift weighted with the sensitivity function gs(t)
∆ΦZi ≡
∞∫
−∞
gs (t) ∆ωZ(±), i (t) dt (11)
allows deriving the bias due to the Zeeman effect. With a
gradient ∂B∂z = 3 mG/cm and using the sensitivity formal-
ism for rubidium and potassium the inferred bias affecting
the Eo¨tvo¨s ratio amounts to −1.30(0.06)× 10−6. We note
that the resulting bias was also confirmed using a pertur-
bation theory formalism [67].
4.2.2 Wave front aberration
Our estimation of systematic uncertainty owing to wave
front aberration is based on numerical simulation. To this
end, we take into account the Raman light fields’ propa-
gation including curvatures of view ports and the retro-
reflection mirror, uncertainty in the positioning of the col-
limation lens, and differential ensemble expansion. In 104
trials, we randomly vary these parameters as follows and
calculate the resulting phase contribution [63]: For the top
and bottom view port curvatures (λ/10) and the retro-
reflection mirror (λ/20) we assume uncertainties of 10 %,
for the positioning of the collimation lens we assume an
uncertainty of 0.1 % and the ensemble temperatures are
varied with an uncertainty of 10 %. Statistical analysis
then yields an uncertainty in the Eo¨tvo¨s ratio of 3× 10−7
due to wave front aberration.
4.3 Summary & discussion
We determine an Eo¨tvo¨s ratio of ηRb,K = −1.9 × 10−7
with a combined (statistical and systematic) standard un-
certainty of 3.2× 10−7, constituting about a factor of two
improvement over our previous result [22]. We estimate a
contribution of the statistical uncertainty of 9× 10−8 and
the systematic uncertainty of 3.1× 10−7.
Increased free fall times in comparison to our previous
result [22] lead to larger systematic error contributions,
e.g., due to the distance traveled through the magnetic
field gradient which yields an increased correction, and
more challenging characterization of it resulting in a larger
uncertainty. The increase in the contribution from wave
front aberration is caused by a more defensive modeling
of all relevant optical components.
5 Conclusion & outlook
We reported on a test of the UFF with our dual atom in-
terferometer operating simultaneously with 87Rb and 39K.
The result of our measurement of the Eo¨tvo¨s parameter is
−1.9(3.2)×10−7 with the lowest uncertainty in an atom in-
terferometer with two different chemical elements reported
so far. It corresponds to an improvement of a factor of two
with respect to our previous result which we attribute to
an improved state preparation of the 39K ensemble.
Our analysis shows that the intrinsic noise of the 39K in-
terferometer limits the statistical uncertainty. The reasons
are the residual transverse expansion rate implying imper-
fections in the coherent excitation leading to a reduction
in contrast. Among the systematic effects, we identify the
inhomogeneity in the magnetic bias field and wave front
aberration as the main contributors.
Advanced cooling techniques such as evaporation in an
optical dipole trap [68] are expected to enhance the con-
trast [69,70] and will allow us to reduce wave front-related
errors by achieving colder temperatures and by tuning the
differential expansion of the two species. The homogene-
ity of the magnetic field can be improved by an upgrade
of the magnetic shield [71], a more in-depth characteriza-
tion, and advanced center-of-mass control over the ensem-
bles. By relying on the differential suppression of vibration
noise between the two elements [57] we envisage the per-
spective for a test on the level of 10−9.
To date, the universality of free fall has proven to be suc-
cessful with no precision test uncovering a significant de-
viation. Atom interferometers add a complementary ap-
proach to the toolbox for these tests. Compared to the
best classical tests (Table 1), this still represents a mod-
est result, but further enhancements are possible and re-
alistic. Using evaporated atoms and matter-wave collima-
tion techniques [72–74] opens the pathway to upgrade the
beam splitters to hundreds of coherent photon momentum
kicks [75–82] and extended free evolution times on the or-
der of seconds. Very long baseline atom interferometers
relying on these techniques promise to venture beyond
10−13 [23–26]. In parallel, microgravity research investi-
gates the benefits and the adaption of atom interferome-
ters to operation in drop tower experiments [74, 83, 84],
on a sounding rocket [85], the international space sta-
tion [28, 86], and dedicated satellite missions [27, 29] with
the target of 10−15 and beyond.
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